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208 have the closest texture and rheology characteristics with full fat yoghurt, the least syneresis, 209 the highest lubrication properties in tribology tests and acceptable sensory perception during a 210 preliminary screening session. A randomized complete block design (panelists as blocks) with 211 six samples was used to compare the yoghurt sensory attributes. Equal amounts of each pot-212 set yoghurt were prepared in 90 mL glass container labelled with randomly selected 3-digit 213 codes and equilibrated at room temperature for at least 1 h before consumption. The samples 214 were served to panelists with spoon and with spring water for palate cleaning. Test procedure 215 and data collection were programed using Compusense® software. 240 Singh, 1998). Therefore, protein content appears to be the governing factor for a stronger gel 241 network which makes the product firmer.
242 However, when there are more fat particles (in the case of full fat sample) in the system, the 243 fat itself also plays a role in the firmness of the product. Fat globules interact with each other 244 and with denatured whey proteins associated with casein micelles in the serum during 245 acidification, thereby increasing the cross-linking density of acid gels. Furthermore, whey 246 proteins can adsorb onto the fat globule surface and enhance the interaction among 247 themselves (Lucey, et al., 1998) . As a result, the higher population of fat globules in the 248 matrix could lead to the development of multiple interactions between fat globules, whey 249 proteins, and casein micelles that strengthens the three-dimensional gel network (Aguilera & 250 Kessler, 1989) . This is the reason why full fat yoghurt (3.8% fat) has a firmer texture as 251 compared to lower fat samples. In trim yoghurt, the number of fat globules is not enough to 252 strengthen the gel network and the texture is therefore governed by protein -protein 253 interactions. (Sanchez, et al., 2000) . Modified starch, on 264 the other hand, is a neutral stabilizer, does not undergo pH-dependent interactions with the 265 proteins, but improves body and texture by increasing the viscosity of the aqueous phase of 266 the system (Hansen, 1993) . Gelatin interacts with casein matrix and connects the casein 267 micelle aggregates and chains of milk proteins to build a firmer three-dimensional deformable 268 system (Andiç, et al., 2013; . In order to 269 achieve similar firmness of full fat yoghurt, the amount of hydrocolloid required to add into 270 the skim yoghurt were 0.5% gelatin, 0.01% xanthan gum, 0.04% carrageenan or 0.5% 271 modified starch. (Sanchez, et al., 2000) .
300 Samples manufactured with the addition of 0.5% of starch showed similar syneresis values as 301 the skim control sample. However, the addition of higher levels of starch reduced syneresis 302 down to 12%. This reduction in syneresis was due to the ability of starch granules to absorb 303 water and swell into much bigger sizes (Ares, et al., 2007) . . This is consistent with the improvement seen in the texture profile and water holding 368 capacity mentioned in sections 3.1.1 and 3.1.2. However, viscosity and gel strength 369 measurements were performed at 35°C, in order to mimic oral conditions. This temperature is 370 close to the melting point of gelatin (Djabourov, 1988 ) that gelatin may melt during the 371 measurement, leading to the smooth reduction of viscosity and gel strength as the samples are 372 being sheared. The higher the level of added gelatin, the more dominant this effect is; 373 therefore, the more reduction in the sample viscosity and gel strength. This mimics exactly 374 what happens with the oral condition when the yoghurt sample is being manipulated between 375 the tongue and palate to create a smooth and fat-like mouthfeel. This is a distinct behavior of 376 gelatin that is absent in other stabilizers and hydrocolloids (Salvador & Fiszman, 1998) . 444 Values of these parameters for all yoghurt samples are reported in Table 3 .
445 We first investigated the lubrication properties of yoghurt samples with different levels of fat:
446 skim (0.1% fat), trim (1.3% fat) and full fat (3.8% fat) and the friction curves are shown in 447 Figure 6 . It is seen that all four zones were observed for trim and full fat yoghurts while zone 501 We next investigated the tribology of skim yoghurts modified with different hydrocolloids. It 502 is seen in Figure 8 that for all samples zone 1 was not observed and most of the changes in 503 friction occurred in zones 2 and 4. The reason of missing zone 1 for those samples might be 504 similar to skim that zone 1 might not exist or it occurred at the speeds lower than 0.01 mm/s 505 or this.
506 For samples with added gelatin (Figure 8a ), it can be seen f 2 reduced slightly with increased 507 gelatin concentration. This could be due to the melting properties of gelatin at 35 ºC that 508 enhanced the thin film lubrication of the sample in the zone 2. Furthermore, s 3 (negative 509 value) increased with higher levels of gelatin indicating less fluid entrainment into the contact 510 zone because of the decrease in gel viscosity. This observation is in agreement with the 511 reduction in viscosity and gel strength of the gelatin-added sample described in section 3.1.3. 512 However, s 4 increased from negative to positive values when adding more gelatin, indicating 513 higher hydrodynamic lubrication. This effect is believed to be governed by the higher 514 viscosity, which appears to contradict the observations on the rheological properties in the 515 previous section. One possible explanation for this is that, at low speeds, the viscosity 516 decreased with more addition of gelatin which was due to the melting phenomenon; however, 517 at higher speeds, the viscosity was governed by the strength of the gel network which was 518 strengthened by the interaction between gelatin and the protein network (Andiç, et al., 2013;  519 Ares, et al., 2007; . Therefore, adding 520 gelatin reduced the sample viscosity at low entrainment speeds, but enhanced the sample 521 stability at high speeds, which corresponded to the hydrodynamic regime.
522 Xanthan gum did not significantly change the friction in zones 2 and 3, but increased the 523 slope of zone 4, s 4 , when being added up to a concentration of 0.010% (Figure 8b ). Adding 524 more xanthan gum (0.015%) appeared to shift the lubrication properties of the yoghurt sample 525 back toward the control condition. Since xanthan gum only changed the friction behavior in 526 zone 4, the lubrication property of the skim yoghurt was improved only by enhancing sample 527 viscosity. This is confirmed by the overlapping friction curves of the xanthan-added samples 528 in Figure 9 , when replotting the friction curves in Figure 8b as a function of a combined 529 parameter of entrainment speed and effective viscosity (i.e. sample viscosity in Figure 2 at the 530 shear rate of 1000 s -1 ).
531 For the samples with added carrageenan (Figure 8c) , there was no significant change in zones 532 2 and 3, but the slope of zone 4 (s 4 ) reduced significantly to negative values and this effect 533 was irrespective of the concentration of the hydrocolloids. This might be due to a structural 534 breakdown of the yoghurt samples when adding carrageenan that made the products less 535 stable at high entrainment speeds.
536 (Table 2) : 0.5% 550 gelatin (skim gelatin hereafter), 0.01% xanthan gum (skim xanthan), 0.01% κ -carrageenan 551 (skim carrageenan), and 1% modified starch (skim modified starch). Each of the yoghurts 552 were tested for the 8 major sensory attributes (Table 1) ; the sensory scores are presented in 553 the spider diagram in Figure 10 . It is seen that full fat yoghurt has significantly higher scores 554 in smoothness, thickness, creaminess compared to skim yoghurt. This is in agreement with the 555 higher firmness and effective viscosity η 50 of full fat yoghurt reported earlier in section 3.1.
556 The higher score in creaminess of full fat yoghurt compared to skim yoghurt could be 557 resulting from its higher scores in thickness and smoothness according to Kokini's model of 558 oral lubrication (Kokini, 1987) . Full fat yoghurt also appeared to give more oily coating, as 559 the fat released during oral processing deposited on tongue surface after swallowing.
560 When adding different hydrocolloids, the sensory attributes of skim yoghurt changed in 561 different manners. Gelatin was the best candidate among the tested hydrocolloids since it 562 improved most of the desirable sensory attributes for yoghurt: thickness, smoothness, 563 creaminess and these attributes were similar to those of full fat yoghurt. This is due to the 564 ability of gelatin to make the yoghurt gel firmer as being shown by its texture, and it distinct 565 characteristic of melting at oral condition which resulted in smooth and creamy mouthfeels.
566 This sensory characteristic of skim gelatin sample is in agreement with its texture, rheological 567 and tribological behaviours observed in sections 3.1 and 3.2. The only attributes that 568 separated the skim gelatin and full fat yoghurt were oily coating and stickiness. Skim gelatin 569 yoghurt has low oily coating due to its much lower fat content compared to full fat yoghurt; 570 and its slightly higher stickiness may be due to the ability of gelatin to interact with casein 571 micelle aggregates and chains of milk proteins (Andiç, et al., 2013) which makes the product 572 sticky on oral surfaces.
573 Adding 0.01% xanthan gum did not change the thickness, but appeared to reduce the 574 smoothness of skim yoghurt. This reduction in smoothness may be the result of the significant 575 increase in undesirable attributes, such as chalkiness, lumpiness and residual coating. The 576 presence of big lumps (seen visually) in sample with added xanthan gum might be due to the 577 depletion flocculation of casein micelles by the xanthan macromolecules to form big particles.
578 This phenomenon has been observed previously using confocal laser scanning microscopy 579 (Hemar, et al., 2001 ). Carrageenan at the dosage of 0.01% slightly reduced the thickness and 580 substantially increased chalkiness while other sensory attributes are similar to the skim 581 control yoghurt. This slight reduction of thickness of this sample is in agreement with its 582 textural, rheological and tribological behaviors observed in sections 3.1 and 3.2: the slight 583 reduction of yoghurt firmness, viscosity, gel strength and slope of zone 4 in the friction curve.
584 Adding 1% modified starch slightly reduced smoothness and significantly increased 585 thickness, lumpiness, chalkiness, stickiness and residual coating of skim yoghurt. The 586 increase in thickness of skim yoghurt with added modified starch was in agreement with the 587 increase of the slope of zone 4 (s 4 ) in Figure 8d . This change in sample thickness could not be 588 explained by viscosity at shear rate 50 s -1 since there was no significant difference between η 50 589 for skim yoghurt with and without modified starch (Table 2) . 
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